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Abstract
Background
Meat consumption has been consistently associated with the risk of diabetes in different
populations. The aim of our study was to investigate the incidence of type 2 diabetes
according to baseline total meat consumption in a longitudinal assessment of a middle-
aged Mediterranean population.
Methods
We followed 18,527 participants (mean age: 38 years, 61% women) in the SUN Project, an
open-enrolment cohort of a highly educated population of middle-class Spanish graduate
students. All participants were initially free of diabetes. Diet was assessed at baseline using
a semi-quantitative food frequency questionnaire of 136-items previously validated. Incident
diabetes was defined according to the American Diabetes Association’s criteria.
Results
We identified 146 incident cases of diabetes after a maximum of 14 years of follow-up
period (mean: 8.7 years). In the fully adjusted model, the consumption of3 servings/day of
all types of meat was significantly associated with a higher risk of diabetes (HR: 1.85; 95%
CI: 1.03–3.31; p for trend = 0.031) in comparison with the reference category (<2 servings/
day). When we separated processed from non-processed meat, we observed a non-signifi-
cant higher risk associated with greater consumption of processed meat and a non-signifi-
cant lower risk associated with non-processed meat consumption (p for trend = 0.123 and
0.487, respectively). No significant difference was found between the two types of meat
(p = 0.594).
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Conclusions
Our results suggest that meat consumption, especially processed meat, was associated
with a higher risk of developing diabetes in our young Mediterranean cohort.
Introduction
Type 2 Diabetes Mellitus (T2DM) is a highly prevalent disease worldwide. In 2010, the esti-
mated number of patients with T2DM was 285 million (6.4%), and it was estimated that in
2030 the number of patients will rise to 439 million (7.7%) [1]. It is well known that this meta-
bolic disease leads to increased morbidity and mortality, along with health care costs [2].
Therefore, worldwide efforts are needed to counteract the current diabetes epidemic.
TD2M is a chronic metabolic disease frequently associated with obesity, dyslipidemia, and
high blood pressure what is known as metabolic syndrome. Some important risk factors of
T2DM are obesity and physical inactivity. However, diet also appears to be an important factor
for developing T2DM as well consequential microvascular complications [3,4]. Therefore, diet
can play an important role in its prevention [5,6]. In this manner, the Mediterranean dietary
pattern has been associated with a lower risk of T2DM in both observational [7] and interven-
tion studies [8,9]. First described in 1960s by Ancel Keys [10], the Mediterranean diet is charac-
terized by its high consumption of fruits, vegetables, whole grains, nuts and legumes, fish, olive
oil as the principal source of fat, a high ratio of monounsaturated/saturated fat intake, moder-
ate wine consumption mainly with meals, and low meat consumption.
For a better understanding of the effects of dietary patterns for the prevention of T2DM,
researchers have evaluated the impact of isolated food items rather than considering dietary
patterns as a whole [11]. One of these items is meat consumption. Meat consumption has been
associated with an increase in total as well as cause-specific mortality [12–14].
Since Snowdon and Phillips first reported the positive relation between meat intake and risk
of T2DM in a study conducted with a large proportion of vegetarians [15], there have been sev-
eral cohorts studies [16–23] and a few meta-analysis [24–27] that have evaluated and have con-
firmed this direct association. However, it would be very interesting to evaluate whether these
findings are consistent in the Spanish population more likely prone to follow a Mediterranean
dietary pattern.
For this reason, our objective was to evaluate the association between total meat consump-
tion and TD2M in a young Mediterranean cohort, the SUN Project, with a long-term follow-
up, up to 14-years.
Methods
Study population
We used data from the “Seguimiento Universidad de Navarra” (SUN) Project. The SUN Project
is a dynamic, prospective cohort study conducted in Spain that began in 1999 [28]. Participants
completed a baseline questionnaire. Additional follow-up questionnaires are mailed every two
years. Participants who do not respond the follow-up questionnaires receive up to 5 additional
letters reminding them to answer. All participants are university graduates and more than half
of them are health professionals living throughout Spain. This provides a wide variation of life-
styles and dietary patterns [29]. Ages range from 20 to 90 years old (median 36). Details of the
design and methods of this cohort have been described in detail elsewhere [28].
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For the present study we assessed 21,187 subjects recruited before October 2011 in order to
have enough time for being followed-up for at least during two years. Patients were followed
up to a maximum of 14 years The average (SD) follow-up was 8.84 (3.36) years. For the
current analysis, we excluded 398 participants who had prevalent diabetes at baseline. We also
excluded 414 subjects with an energy intake out of sex-specific predefined limits (below per-
centile 1 and above percentile 99 of total energy intake). Subjects lost to follow-up without any
follow-up questionnaire (n = 1,848) were also excluded. After exclusions, the final sample pop-
ulation included a total of 18,527 participants (Fig 1). The retention in the cohort was 90.9%.
Exposure assessment
Dietary habits were assessed at baseline using a validated, semi-quantitative food frequency
questionnaire with 136-items that has been repeatedly validated in Spain [30–32]. Participants
were asked how often they had consumed different types of meat in the previous year. There
were nine possible responses ranging from never or seldom, to 6 or more times per day. Each
food item was accompanied by the portion size, using data from food composition tables valid
for Spain [33]. Total meat consumption was defined as the sum of all types of meat consumed.
The correlation coefficient for meat intake in the validation study for this questionnaire was:
0.61 [31].
Two meat groups were defined: 1) “Non-processed meat” that included the consumption of
unprocessed (fresh/frozen) beef, pork, veal, lamb, chicken, rabbit, turkey, liver and viscera, and
hamburgers (similar to the definition used in previous studies [16,17,25,34]) and 2) processed
meat that included bacon, ham, chorizo, salami sausages, pâté, “sobrasada” (a raw cured sau-
sage, typical from Balearic Islands, Spain). Moreover, we defined “non-processed red meat”
that included beef, pork, veal, lamb, liver and viscera, and hamburgers. The reproducibility cor-
relation coefficient of processed meat was 0.66 and for red meat was 0.54 [30]. Finally, we cate-
gorized daily total meat consumption into three categories:<2, 2-<3 or3 servings/day. A
serving contained 100–150 g of meat. In the case of sausages, blood sausages, “sobrasada” and
bacon, a serving contained 50 g, and in the case of pâté, a serving contained 25 g. A serving of
ham was one slice.
Outcome assessment
Ascertainment of T2DM in the SUN cohort has been well described before [7]. We considered
prevalent cases of diabetes if the participants were treated with either oral antidiabetic agents
or insulin or they reported a medical diagnosis at baseline. We considered probable cases of
new onset diabetes as those participants who reported a diagnosis of diabetes diagnosed by a
doctor in the follow-up questionnaire but did not have diabetes at baseline [7]. These partici-
pants were asked to confirm the diagnosis with additional confirmation questionnaires and
their medical records were also requested. An endocrinologist, blind to the dietary exposures,
confirmed incident cases of T2DM or not, based on the information collected with these ques-
tionnaires and the medical records. The incident cases of T2DM were diagnosed using the
American Diabetes Association’s criteria [35].
Covariates assessment
At baseline, information about lifestyle habits (physical activity, tobacco smoking and alcohol
intake), medical, socio-demographic and anthropometric variables were recorded. We also col-
lected information about distributions of the major food items in the diet such as carbohydrate,
protein and fat intake including monounsaturated fatty acids (MUFA), saturated fatty acids
(SFA) and polyunsaturated fatty acids (PUFA) in the latter.
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Adherence to the Mediterranean Dietary Pattern (MDP) was evaluated combining 8 items
(fruits and nuts, vegetables, fish, legumes, cereals, dairy products, alcohol intake and the ratio
MUFA/ SFA) according to the score proposed by Trichopoulou et al [36] while excluding meat
and meat products.
The validity of self-reported body mass index (BMI) has been previously validated in a sub-
sample of this cohort. The mean relative error in self-reported weight was 1.45%, and the corre-
lation coefficient between measured and self-reported weight was 0.99 (95% CI: 0.98 to 0.99).
For BMI, the mean relative error was 2.64% with a correlation coefficient of 0.94 (95% CI:
0.91–0.97) [37].
To quantify physical activity exerted during leisure time, the time spent performing 17
activities was inquired at baseline. A multiple of resting metabolic rate (MET score) was
assigned to each activity, and time spent in each activity was multiplied by the MET score spe-
cific for that activity. Total leisure time physical activity was computed as the sum of weekly
MET-h of all the activities. In the validation study, weekly MET-h showed to adequately corre-
late with the objectively measured energy expenditure in a subsample of the cohort (Spearman
r = 0.51; 95% CI 0.232–0.707) [38].
Statistical analysis
The association between total daily meat consumption and the risk of developing T2DM was
assessed using Cox regression models. Hazard ratios (HR) and their 95% confidence intervals
(95% CI) were calculated using the lowest consumption category as the reference. The first
model was adjusted for age and sex. The second one, in addition, included physical activity
(MET-h/week), total energy intake (Kcal/day), baseline BMI (kg/m2, tertiles), family history of
diabetes (none, one or two parents), prevalent hypercholesterolemia and prevalent hyperten-
sion. A third model was fitted additionally adjusting for dietary fiber intake (g/day), sugar-
sweetened beverages consumption (g/day), smoking status (current, former or never smoker),
caffeine intake (mg/day), adherence to Mediterranean dietary pattern (3 categories), prevalent
cardiovascular disease, and prevalent cancer. Furthermore, we performed a fourth model that
did not include adjustment for BMI.
Fig 1. Flow-chart of participants. The SUN Project 1999–2014.
doi:10.1371/journal.pone.0157990.g001
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We additionally fitted a model including 2 separate variables of meat consumption: pro-
cessed and non-processed meat consumption. To assess differences between the associations
for these 2 variables, we performed a χ2 Wald test comparing the regression coefficients for the
linear terms (servings/day) for each variable. Moreover, we evaluated the effect of meat con-
sumption, red meat, processed meat, and red and processed meat combined with the risk of
developing diabetes in grams per day according to tertiles considering the first tertile as the ref-
erence category.
We evaluated the interaction of meat consumption according to sex on the development of
T2DM using likelihood ratio test comparing the fully adjusted Cox regression model and the
same model with the interaction product term.
A number of sensitivity analyses were performed: a) excluding subjects who were following
a special diet at baseline, b) excluding subjects out of predefined energy limits<3347,2 kJ/d or
>16,736 kJ/d in men and<2092 kJ/d or>14,644 kJ/d in women, c) excluding participants
who had 9 or more missing items in the baseline FFQ, and d) excluding participants who had
hypertension, hypercholesterolemia, prevalent cancer and prevalent cardiovascular disease.
All P-values were two-tailed and statistical significance was set at the conventional cut-off
point of p<0.05. All analyses were performed using STATA 12.0 (StataCorp, College Station, TX).
Results
The baseline characteristics of the study participants according to the three categories of total
meat consumption are shown in Table 1. Those participants who reported higher levels of
meat (3 servings day) consumption were on average younger (mean age: 35 years), and were
more likely to be male and smokers compared with the lowest category of meat consumption.
Moreover, participants in the highest category of total meat consumption had the highest total
energy, protein and fat intake and the lowest carbohydrate intake. Besides, participants in the
lowest meat consumption category were more likely to be female, former smokers and have
prevalent cardiovascular disease, cancer, hypercholesterolemia or hypertension at baseline.
BMI and adherence to the Mediterranean dietary pattern were fairly balanced between groups.
After a median of 8.7 years of follow-up, we identified 146 incident cases of T2DM.
The Cox regression analyses in the overall sample which assessed the association between
total meat consumption (categorized in three groups) and incident diabetes are shown in
Table 2. After adjustment for several potential confounders, we found that total meat con-
sumption was positively associated with the incidence of T2DM. In the fully adjusted model,
the risk of developing T2DM among participants in the highest category of meat consumption
( 3 servings/ day) was almost twofold higher (HR 1.85; 95% CI: 1.03–3.31, p<0.031) than in
those in the lowest (reference) category (<2 servings/day). Moreover, we conducted a multi-
variate adjustment not including adjustment for BMI in the models and we observed a higher
HR of 1.97 (CI: 1.10–3.55, p<0.020) among participants with meat consumption more
than 3 servings/ day compared with the reference category (<2 servings/day).
We tested the proportional hazard assumption using the Schoenfeld residuals method. In
the fully-adjusted model, hazards of both dummy variables for the second and third categories
of total meat consumption were proportional to the hazard of the reference category (p = 0.96
and p = 0.48).
Additionally, we divided the reference category in two categories: less than 1.5 servings/day
and the other category from 1.5 to 2 servings/day. When using those participants who eat meat
less than 1.5 servings/day as the reference category, we observed in the fully adjusted model a
HR of 1.66 (95% CI: 0.90–3.06) (p for trend: 0.116) for those participants who consumed 3 or
more servings per day.
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Table 1. Baseline characteristics according to categories of meat consumption (mean and SD, or %). The SUN Project 1999–2014.
Meat consumption (servings/day) <2 2-<3 3
N 10,461 5,757 2,309
Age (years) 40 (12) 36 (11) 35 (11)
Sex (% female) 62.6 59.8 57.2
BMI (kg/m2) 23.5 (3.5) 23.5 (3.5) 23.5 (3.7)
Physical activity (MET-h/week) 22 (22) 21 (22) 22 (27)
Total energy intake (kJ/day) 9314 (2769) 11339 (2858) 13790 (3385)
Macronutrients (% energy)
Carbohydrate intake 46 (7) 42(6) 39(7)
Protein intake 18(3) 18(3) 19(3)
Fat intake 35(7) 38(6) 41(6)
SFA 12(3) 13(3) 14(3)
MUFA 15(4) 16(3) 17(3)
PUFA 5(2) 5(2) 6(1)
Alcohol intake (g/day) 6(10) 7(11) 8(12)
Fruit (g/day) 379(349) 356(311) 390(353)
Vegetables (g/day) 527(361) 548(331) 610(418)
Legumes (g/day) 22(18) 24(21) 28(23)
Fish and seafood (g/day) 96(62) 102(63) 123(109)
Mediterranean dietary pattern 3.7 (1.8) 3.8 (1.7) 3.9 (1.7)
Current smokers (%) 20.1 22.7 27.0
Former smokers (%) 31.1 27.1 24.3
Prevalent cancer (%) 4.3 3.0 3.0
Prevalent cardiovascular disease (%) 2.6 1.7 1.2
Prevalent hypercholesterolemia (%) 18.9 14.5 12.5
Prevalent hypertension (%) 7.7 5.9 5.2
Family history of diabetes (%) 13.9 13.5 13.6
Glycemic Index 52 (5) 52 (4) 52 (5)
Fiber intake (g/day) 29 (14) 30 (13) 33 (15)
Sugar-sweetened beverage intake (g/day) 55 (111) 75 (139) 103 (175)
Caffeine intake (mg/day) 41 (40) 46 (40) 49 (44)
doi:10.1371/journal.pone.0157990.t001
Table 2. HR and 95%CI for incident type 2 diabetes according to categories of daily meat consumption. The SUN Project 1999–2014.
Meat consumption (servings/day) <2 2-<3 3 p for linear trend
Cases/Person-years 88/91,258 41/51,861 17/20,679
Age and sex-adjusted 1 (Ref.) 1.22 (0.84–1.76) 1.50 (0.90–2.50) 0.089
Multiple-adjusted model a 1 (Ref.) 1.25 (0.85–1.86) 1.65 (0.95–2.87) 0.061
Multiple-adjusted model b 1 (Ref.) 1.33 (0.88–2.00) 1.85 (1.03–3.31) 0.031
Multiple-adjusted model c 1 (Ref.) 1.35 (0.89–2.04) 1.97 (1.10–3.55) 0.020
a. Adjusted for age, sex, physical activity (MET-h/week), total energy intake (kJ/day), baseline body mass index (kg/m2, tertiles), family history of diabetes
(none, one or two parents), prevalent hypercholesterolemia, prevalent hypertension.
b. Additionally adjusted for dietary ﬁber intake (g/day), sugar-sweetened beverages consumption (g/day), smoking status (current, former or never smoker),
caffeine intake (mg/day), glycemic index, adherence to Mediterranean dietary pattern (3 categories), prevalent cardiovascular disease, prevalent cancer.
c. a+b not including adjustment for BMI
All models are stratiﬁed by year of enrollment (2-year periods).
doi:10.1371/journal.pone.0157990.t002
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When we assessed adjusting for the consumption of the other type of meat the same model
categories of processed and non-processed meat consumption separately, we did not find any
significant association (p for trend = 0.123 and 0.487, respectively). Moreover, there were no
statistical differences between the linear terms for each variable (p = 0.594). However, results
suggested that the association found for meat consumption was mainly due to the consump-
tion of processed meat (Fig 2) (Table 3).
We additionally conducted an analysis of meat consumption in grams per day (tertiles) for
total meat consumption, non-processed red meat, processed meat and red and processed meat
combined as well, in relation to type 2 diabetes. The results are shown in the supplementary
Table A in S1 File.
We carried out several sensitivity analyses to evaluate the robustness of our results. The sen-
sitivity analyses excluded subjects who were following a special diet at baseline, the association
in the multiple-adjusted model was even stronger than the one in the main analysis (HR 2.45;
95% CI: 1.35–4.45). When we excluded those participants with prevalent hypertension, hyper-
cholesterolemia, cancer and cardiovascular disease the results showed that those participants in
the highest category of consumption vs those in the lowest, had a risk of developing T2DM
more than 3 times greater (HR 3.31 (95% CI: 1.22–8.94;p<0.001). Other sensitivity analyses
showed very similar results to the main analysis (Table 4).
Finally, there was no significant interaction between total meat consumption and sex on the
incidence of T2DM (p = 0.29). (Table 5). Although in men, the results of the overall analyses
were stronger.
Discussion
In this Mediterranean population of middle-aged Spanish adults with an initially low average
body weight, we observed that a higher consumption of meat was associated with a higher risk
of T2DM after adjusting for potential confounders. Although the lack of statistical significant,
results suggested that this harmful effect was mediated by processed meat. Although, the
EPIC (European Prospective Study on Cancer and Nutrition) -InterAct study [39], the largest
diabetes cohort to date evaluated the effect of meat intake and risk of developing T2DM in
Fig 2. HR for incident type 2 diabetes according to categories of weekly processed and non-
processedmeat consumption. The SUN Project 1999–2014.
doi:10.1371/journal.pone.0157990.g002
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Table 3. HR and 95%CI for incident type 2 diabetes according to categories of processed and unprocessedmeat consumption. The SUN Project
1999–2014.
Meat consumption(servings/ week) 0–7 >7–14 >14 p for trend
Processed meat1:
Cases/Persons-years 92/93,188 45/57,477 9/13,133
Multiple-adjusted model b: HR (95% CI) 1 (Ref.) 1.26(0.86–1.84) 1.53(0.75–3.12) 0.123
Multiple-adjusted model c: HR (95% CI) 1 (Ref.) 1.30(0.88–1.90) 1.60(0.78–3.29) 0.094
Excluding subjects following a special diet at baseline or had hypercholesterolemia, hypertension, CVD and cancer risk
Cases/Persons-years 21/63,814 19/44,003 6/10,118
Multiple-adjusted model b: HR (95% CI) 1 (Ref.) 1.87 (1.01–3.46) 3.05 (1.12–8.30) 0.008
Non-processed meat2:
Cases/Persons-years 105/106,903 40/54,080 1/2814
Multiple-adjusted model b: HR (95% CI) 1 (Ref.) 0.88(0.59–1.31) 0.71(0.09–5.31) 0.487
Multiple-adjusted model c: HR (95% CI) 1 (Ref.) 0.92(0.62–1.37) 0.75(0.10–5.65) 0.640
Excluding subjects following a special diet at baseline or had hypercholesterolemia, hypertension, CVD and cancer risk
Cases/Persons-years 28/77,583 17/40,119 1/2233
Multiple-adjusted model b: HR (95% CI) 1 (Ref.) 1.07 (0.56–2.02) 1.10 (0.14–8.80) 0.838
1Processed meat: included bacon, ham, chorizo, salami sausages, pâté, “sobrasada”
2Non-processed meat: that included the consumption of non-processed (fresh/frozen) beef, pork, veal, lamb, chicken, rabbit, turkey, liver and viscera, and
hamburgers
b. Adjusted for age, sex, physical activity (MET-h/week), total energy intake (kJ/day), baseline body mass index (kg/m2, tertiles), family history of diabetes
(none, one or two parents), prevalent hypercholesterolemia, prevalent hypertension, dietary ﬁber intake (g/day), sugar-sweetened beverages consumption
(g/day), smoking status (current, former or never smoker), caffeine intake (mg/day), glycemic index, adherence to Mediterranean dietary pattern (3
categories), prevalent cardiovascular disease, prevalent cancer.
c. b not including adjustment for BMI
doi:10.1371/journal.pone.0157990.t003
Table 4. Sensitivity analyses: HR and 95%CI for incident type 2 diabetes according to categories of daily meat consumption. The SUN Project
1999–2014.
Meat consumption (servings/
day)
Sensitivity analyses Cases/Persons-
years
<2 2>3 3 p for
trend
Overall 146/163,798 1
(Ref.)
1.33 (0.88–
2.00)
1.85 (1.03–
3.31)
0.031
Excluding participants who followed a special diet at baseline 130/152,097 1
(Ref.)
1.60 (1.05–
2.45)
2.45(1.35–
4.45)
0.001
Energy limits: <3347,2 kJ/d or >16,736 kJ/d in men <2092 kJ/d or >14,644 kJ/d in
women
143/150,995 1
(Ref.)
1.26 (0.82–
1.93)
1.88 (1.03–
3.42)
0.044
9 missings in FFQ 95/132,462 1
(Ref.)
1.28 (0.78–
2.10)
1.91 (0.97–
3.80)
0.062
Excluding participants who had hypertension, hypercholesterolemia, prevalent
cancer and prevalent cardiovascular disease
48/14,033 1
(Ref.)
2.64 (1.34–
5.19)
3.31 (1.22–
8.94)
0.001
Adjusted for age, sex, physical activity (MET-h/week), total energy intake (kJ/day), baseline body mass index (kg/m2, tertiles), family history of diabetes
(none, one or two parents), prevalent hypercholesterolemia, prevalent hypertension, dietary ﬁber intake (g/day), sugar-sweetened beverages consumption
(g/day), smoking status (current, former or never smoker), caffeine intake (mg/day), glycemic index, adherence to Mediterranean dietary pattern (3
categories), prevalent cardiovascular disease, prevalent cancer.
doi:10.1371/journal.pone.0157990.t004
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eight European countries including Spain, to our knowledge, no previous study has evaluated
this association exclusively in a young Mediterranean population.
Our results are in agreement with previous published results. Four meta-analyses of cohort
studies previously demonstrated the positive association between total meat consumption and
diabetes development [24–27].
In relation to the total meat consumption and risk of diabetes, an increased risk was
observed in the meta-analysis conducted by Micha et al [26] in 2010. Each serving per day of
total meat was associated with 12% (RR 1.12; 95% CI: 1.05–1.19) higher risk of diabetes melli-
tus. Nevertheless, in the study by Aune’s et al [24] in 2009 that included 5 cohorts studies, no
clear association between meat intake and diabetes risk was found (RR 1.17; 95%CI: 0.92–
1.48). However, after excluding the Chinese study, one of the five cohort studies, this associa-
tion emerged statistically significant (RR 1.31; 95% CI: 1.12–1.52). In this article by Villegas
et al [40], conducted in a sample of Chinese women, the reported findings are not consistent
with the others studies included in this meta-analysis (RR 0.82; 95%CI: 0.69–0.98). It showed a
decreased risk of development diabetes with higher meat intake instead of an increased risk. It
may, perhaps, be due to lower consumption of processed meat in this Chinese cohort, com-
pared with other cohorts studies [17,41]. A direct relationship has also been observed in pro-
spective studies that were not included in the above-mentioned meta-analyses [39,42–44]. In
the study of Feskens et al. [27], the most recent meta-analysis, conducted in 2013, they reported
a RR of 1.15 (95% CI: 1.07–1.24) per 100 g in total meat intake.
Regarding processed meat consumption, an increase of 50 g/day was associated with a
higher risk of diabetes in Aune et al. [24]: 1.57 (95% CI: 1.28–1.93) and 1.32 (95% CI: 1.19–
1.48) in Feskens et al. [27]. In Micha et al. [26] they observed a RR of 1.19 (95% CI: 1.11–1.27)
for each additional serving of processed meat, and in Pan et al. [25] they found a RR of 1.51
(95% CI: 1.25–1.83).
Recently, in a meta-analysis published by Fretts et al. they observed that meat consumption
was associated with higher glucose and insulin concentrations in non-diabetic Caucasians and
that this effect was not modified by genes related to glucose or insulin [45]. This study is con-
sistent with the evidence that meat consumption affect glucose metabolism and increases risk
of developing diabetes.
Our results were attenuated after adjustment for BMI, maybe due to the independent effect
of meat consumption on both adiposity [46] and development of T2DM. Therefore, BMI may
explain part of the elevated risk of meat consumption on T2DM.
Table 5. HR and 95%CI for incident type 2 diabetes according to categories of daily meat consumption according to sex. The SUN Project 1999–
2014.
Meat consumption(servings/day) <2 2–3 3 P for trend
Men:
Cases/Persons-years 68/34,386 29/20,975 15/8,978
Multiple-adjusted model b: HR (95% CI) 1 (Ref.) 1.22(0.74–2.03) 2.23(1.16–4,28 0.033
Women:
Cases/Persons-years 20/56,872 12/30,855 2/11,701
Multiple-adjusted model b: HR (95% CI) 1 (Ref.) 1.87(0.95–3.71) 1.08 (0.20–5.94) 0.370
Adjusted for age, sex, physical activity (MET-h/week), total energy intake (kJ/day), baseline body mass index (kg/m2, tertiles), family history of diabetes
(none, one or two parents), prevalent hypercholesterolemia, prevalent hypertension, dietary ﬁber intake (g/day), sugar-sweetened beverages consumption
(g/day), smoking status (current, former or never smoker), caffeine intake (mg/day), glycemic index, adherence to Mediterranean dietary pattern (3
categories), prevalent cardiovascular disease, prevalent cancer.
doi:10.1371/journal.pone.0157990.t005
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Moreover, we observed an effect modification by sex, although not statistically significant.
In men, the results of the overall analyses were stronger, while in women we did not observe
this positive association, perhaps due to the scarcity of cases of T2DM in women compared to
men (34 vs 112).
Our findings are in line with these studies in relation to the total consumption of meat and
diabetes risk. It is interesting to notice that our results are consistent with those performed in
populations with such different baseline characteristics: age, sex (e.g. participants in the EPIC
cohort had a mean age of 52 years, the Women’s Health Study aged45 years, while the aver-
age age of our cohort is 38 years), in different geographic locations, with different dietary pat-
terns and meat consumption and with different follow-up of participants. This all emphasizes
the fact that meat consumption can increase the risk of diabetes development.
In addition, previous results from our cohort showed that a higher consumption of fast
food, defined as sausages, hamburgers and pizza, was associated with a higher risk of gesta-
tional diabetes [47].
Although the exact mechanism by which meat consumption may increase the risk of T2DM
is not clear, some plausible hypothesis have been proposed. A recent article published by Kim
et al [48] reviewed in detail the metabolic etiologies through which meat may be related to the
development of T2DM. Processed meat is preserved for long term and contains salt or other
preservatives such as nitrites. The content of salt per gram of product is, on average, 400%
higher in processed meat than in unprocessed meat [49]. Those preservatives are harmful for
pancreatic beta cells. In fact, the use of nitrites play an important role in pancreatic dysfunction
by the formation of nitrosamines that can cause T2DM [50]. Moreover, the meat content of
saturated and trans-fatty acids affects insulin sensitivity [51]. It is known that there is an associ-
ation between animal fat and saturated fat intake with hyperinsulinemia and insulin resistance
[52–53]. Moreover, the content of saturated fat can produce obesity, a known risk factor of
T2DM [54–55]. Also, meat is an important source of dietary cholesterol which has been
defined as a risk factor of developing T2DM [56]. The presence of advanced glycation end-
products in meat as a result of cooking or processing meat, produced an increased risk of
T2DM in animals and in humans [57–58].
It is known that meat is an excellent source of highly bioavailable (30–60%) heme iron. Iron
intake and iron storage, shown by increased ferritin concentration, have been described to have
a positive association with a higher risk of developing diabetes [59]. Recently, this association
has been described between high heme iron dietary intake and the risk of new-onset diabetes in
a Mediterranean population, such as in our study cohort, although the average age of the popu-
lation study was different [60]. Moreover, the pro-oxidant effect of iron and its capacity to pro-
duce hydroxyl radicals as a possible cause of pancreatic dysfunction has been proposed [61]. It
seems that the increased risk for developing T2DMmay be due to the interactions between dif-
ferent components of meat, namely, saturated fat, salt and nitrates, iron, advanced glycation
end products and trimethylamine N-oxide, a key molecule derived from dietary carnitine and
coline mediating the risk of T2DM [48].
Some of the non-significant results might be alternatively explained by the fact that meta-
bolic syndrome and obese patients excrete more nitrite and nitrate due to a problem of nitro-
gen disposal [62] than the source from meat consumption. Therefore, it might be thought that
obesity is more important than consuming higher proportions of meat, although we have
adjusted our results for baseline BMI.
In our study, participants belonging to the higher meat consumption group were younger
and more likely to be smokers compared with participants in the lowest meat consumption cat-
egory. It seems Spanish young people are adopting unhealthy lifesytle. In fact, our research
group has already found evidence of the abandonment of Mediterranean diet and the adoption
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of the “Western diet” in the Spanish population, especially among young people, smokers and
sedentary participants [63,29].
Therefore, it is important to identify and promote strategies based on current scientific evi-
dence in order to stop the increasing trend of this epidemic disease, such as maintaining and
promoting our traditional Mediterranean diet. It is a public health priority to reduce the
amount of preservatives, salt and the consumption of total meat (especially processed meat),
and to optimize the diet of young and elderly people as well as their lifestyle behavior.
Our study has some limitations. The use of a validated FFQ to evaluate meat consumption
provides us only subjective information and we cannot rule out the existence of information
bias. However, we used a FFQ previously validated in a Spanish population [30–32] with a rea-
sonable correlation coefficient for our main exposure. Since the possible measurement error in
the assessment of diet is expected to be non-differential, it would bias our results toward the
null value. Moreover, we did not consider the type of cooked meat, which could increase the
risk of developing type 2 diabetes. Another limitation is the absence of repeated measurements
of diet during our follow up. Consequently, it is not possible to exclude an information bias,
because our participants may have changed their meat consumption during follow-up.
Another potential limitation of our study is the underreport of self-reported diabetes diag-
noses. However, all participants of the SUN cohort are university graduates, highly educated,
highly motivated and more than half of them are health professionals, therefore we would
expect it improbable to have misclassification of both exposure and outcome. Moreover, we
must acknowledge the possibility of a lack of statistical power to separately assess the effect of
different types of meat on the risk of diabetes.
Finally, another potential disadvantage of our study is that the sample is not representative
of the general population, because our population is composed by middle aged people with a
high level of education. We should be cautious towards extrapolating of our results to the gen-
eral population. Therefore, the generalizability of our results must be based on the possible
biological mechanisms involved and not on statistical representativeness of the sample. By con-
trast, this limitation increased the internal validity of our results because of the high level of
education and homogeneity of our cohort (all participants are university graduates) which
reduces the potential confounding related to socioeconomic status.
The major strengths of the current study include its prospective design, its relatively large
sample size and long-term follow-up, and its high retention rate. All these would potentially
minimize the possibility of selection or recall bias. Another important strength is the use of a
validated FFQ to assess meat consumption, and the medical confirmation of diabetes diagno-
ses, that would lead to a high specificity. Moreover, we adjusted the models for a wide array of
potential confounders, so we consider residual confounding unlikely, although still possible.
The sensitivity analyses carried out in our study also confirm the robustness of our findings.
Conclusions
In conclusion, our data suggest that a higher meat consumption was associated with elevated
risk of T2DM in our young Spanish cohort. Future studies in other Mediterranean populations
are needed to confirm our findings specially differentiating processed and non-processed meat.
Supporting Information
S1 File. Table A. HR and 95% CI for incident type 2 diabetes according to types of meat con-
sumption. in grams per day (tertiles). The SUN Project 1999–2014. Table B. HR and 95% CI
for incident type 2 diabetes according to meat food products consumption. The SUN Project
Meat Consumption and Type 2 Diabetes in the SUN Project
PLOS ONE | DOI:10.1371/journal.pone.0157990 July 20, 2016 11 / 15
1999–2014.
(DOCX)
Acknowledgments
The SUN Project has received funding from the Spanish Government-Instituto de Salud Carlos
III, and the European Regional Development Fund (FEDER) (RD 06/0045, CIBER-OBN,
Grants PI10/02658, PI10/02293, PI13/00615, PI14/01668, PI14/01798, PI14/01764, and G03/
140), the Navarra Regional Government (45/2011, 122/2014), and the University of Navarra.
Author Contributions
Conceived and designed the experiments: AMS AG FJBG MAMG JJB MBR. Performed the
experiments: AMS AGMBR. Analyzed the data: AMS AGMBR. Contributed reagents/materi-
als/analysis tools: AMS AG FJBGMAMG JJB MBR. Wrote the paper: AMS AG FJBG MAMG
JJB MBR.
References
1. Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the prevalence of diabetes for 2010 and 2030.
Diabetes Res Clin Pract. 2010; 87(1): 4–14. doi: 10.1016/j.diabres.2009.10.007 PMID: 19896746
2. International Diabetes Federation. IDF diabetes atlas (6thedn) 2013 http://www.idf.org/diabetesatlas
(accessed) Oct 21.2015.
3. Hu FB, van DamRM, Liu S. Diet and risk of type II diabetes: the role of types of fat and carbohydrate.
Diabetologia. 2001; 44(7): 805–17. PMID: 11508264
4. Mann Jl, De Leeuw I, Hermansen K, Karamanos B, Karlström B, Katsilambros N, et al. Evidence-based
nutritional approaches to the treatment and prevention of diabetes mellitus. Nutr Metab Cardiovasc Dis.
2004; 14(6): 373–94. PMID: 15853122
5. Pan XR, Li GW, Hu YH, Wang JX, An ZX, Hu ZX, et al. Effects of diet and exercise in preventing
NIDDM in people with impaired glucose tolerance. The Da Qing IGT and Diabetes Study. Diabetes
Care. 1997; 20(4): 537–44. PMID: 9096977
6. Salas-Salvadó J, Martínez-González MA, Bulló M, Ros E. The role of diet in the prevention of type 2
diabetes. Nutr Metab Cardiovascul Dis 2011; 21(Suppl2): B32–B48.
7. Martínez-González MÁ, De la Fuente-Arrillaga C, Nunez-Córdoba JM, Basterra-Gortari FJ, Beunza JJ,
Vázquez Z, et al. Adherence to Mediterranean diet and risk of developing diabetes: prospective cohort
study. BMJ. 2008; 336: 1348–51. doi: 10.1136/bmj.39561.501007.BE PMID: 18511765
8. Salas-Salvadó J, Bulló M, Babio N, Martínez-González MÁ, Ibarrola-Jurado N, Basora J, et al. Reduc-
tion in the incidence of type 2 diabetes with the Mediterranean diet: results of the PREDIMED-Reus
nutrition intervention randomized trial. Diabetes Care. 2011; 34(1): 14–9. doi: 10.2337/dc10-1288
PMID: 20929998
9. Salas-Salvadó J, Bulló M, Estruch R, Ros E, Covas MI, Ibarrola-Jurado N, et al. Prevention of diabetes
with mediterranean diets: a subgroup analysis of a randomized trial. Ann Intern Med. 2014; 160(1): 1–
10. doi: 10.7326/M13-1725 PMID: 24573661
10. Keys A.. Mediterranean diet and public health: personal reflections. Am. J. Clin. Nutr. 1995; 61(Suppl
6): S1321–23.
11. Ley SH, Hamday O, Mohan V, Hu FB. Prevention and management of type 2 diabetes: dietary compo-
nents and nutritional strategies. Lancet. 2014; 383: 1999–2007. doi: 10.1016/S0140-6736(14)60613-9
PMID: 24910231
12. Pan A, Sun Q, Bernstei AM, Schulze MB, Manson JE, Stampfer MJ, et al. Red meat consumption and
mortality: results of 2 prospective cohort studies. Arch Intern Med. 2012; 172(7): 555–63. doi: 10.1001/
archinternmed.2011.2287 PMID: 22412075
13. Fraser GE. Associations between diet and cancer, ischemic heart disease and all-cause mortality in
non-Hispanic white California Seventh-Day Adventists. Am J Clin Nutr. 1999; 70 (Suppl 3): S532–8.
14. Takata Y, Shu XO, Gao XT, Li H, Zhang Z, Gao J, et al. Read meat and poultry intakes and risk of total
and cause- specific mortality: results from cohort studies of Chinese adults in Shangai. PLoS One.
2013; 8(2): e56963. doi: 10.1371/journal.pone.0056963 PMID: 23451121
Meat Consumption and Type 2 Diabetes in the SUN Project
PLOS ONE | DOI:10.1371/journal.pone.0157990 July 20, 2016 12 / 15
15. Snowdon DA, Phillips RL. Does a vegetarian diet reduce the occurrence of diabetes?. Am J Public
Health. 1985; 75(5): 507–12. PMID: 3985239
16. Shulze MB, Manson JE, Willet WC, Hu FB. Processed meat intake and incidence of type 2 diabetes in
younger and middle-aged women. Diabetologia. 2003; 46(11):1465–73. PMID: 14576980
17. Song Y, Manson JE, Buring JE, Liu S. A prospective study of read meat consumption and type 2 diabe-
tes in middle-aged and elderly women: TheWomen’s Health Study. Diabetes Care. 2004; 27(9): 2108–
15. PMID: 15333470
18. Ericson U, Sonestedt E, Gullberg B, Hellstrand S, Hindy G, Wirfält E, et al. High intakes of protein and
processed meat associated with increased incidence of type 2 diabetes. Br J Nutr. 2013; 109(6):
1143–53. doi: 10.1017/S0007114512003017 PMID: 22850191
19. Meyer KA, Kushi LH, Jacobs DR Jr, Folsom AR. Dietary fat and incidence of type 2 diabetes in older
Iowa women. Diabetes Care. 2001; 24(9): 1528–35. PMID: 11522694
20. Montonen J, Järvinen R, Heliövaara M, Reunanen A, Aromaa A, Knekt P. Food consumption and the
incidence of type II diabetes mellitus. Eur J Clin Nutr. 2005; 59(3): 441–8. PMID: 15674312
21. Hodge AM, English DR, O'Dea K, Giles GG. Dietary patterns and diabetes incidence in the Melbourne
Collaborative Cohort Study. Am J Epidemiol. 2007; 165(6): 603–10. PMID: 17220476
22. Vang A, Singh PN, Lee JW, Haddad EH, Brinegar GH. Meats, processedmeats, obesity, weight gain
and occurrence of diabetes among adults: findings from Adventist Health Studies. Ann Nutr Metab.
2008; 52(2): 96–104. doi: 10.1159/000121365 PMID: 18349528
23. Mannisto S, Kontto J, Kataja-Tuomola M, Albanes D, Virtamo J. High processed meat consumption is a
risk factor of type 2 diabetes in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention study. Br J
Nutr. 2010; 103(12): 1817–22. doi: 10.1017/S0007114510000073 PMID: 20187985
24. Aune D, Ursin G and Veirod MB. Meat consumption and the risk of type 2 diabetes: a systematic review
and metaanalyses of cohort studies. Diabetologia. 2009. 52(11): 2277–87. doi: 10.1007/s00125-009-
1481-x PMID: 19662376
25. Pan A, Sun Q, Bernstein AM, et al, Shulze MB, Manson JE, Willet WC, et al. Red meat consumption
and risk of type 2 diabetes: 3 cohort of US adults and an updated metaanalysis. Am J Clin Nutr. 2011;
94(4): 1088–96. doi: 10.3945/ajcn.111.018978 PMID: 21831992
26. Micha R, Wallace SK, Mozaffarian D. Red and processedmeat consumption and incident coronary
heart disease, stroke and diabetes mellitus: a systematic review and meta-analysis. Circulation. 2010;
121(21): 2271–83. doi: 10.1161/CIRCULATIONAHA.109.924977 PMID: 20479151
27. Feskens EJ, Sluiik D, vanWoudenbergh GJ. Meat consumption, diabetes and its complications. Curr
Diab Rep. 2013; 13(2): 298–306. doi: 10.1007/s11892-013-0365-0 PMID: 23354681
28. Seguí-Gómez M, de la Fuente C, Vázquez Z, de Irala J, Martínez-González MÁ. Cohort profile: ‘the
Seguimiento Universidad de Navarra’ (SUN) study. Int J Epidemiol. 2006; 35(6): 1417–22. PMID:
17060332
29. Sanchez-Villegas A, Delgado-Rodríguez M, Martínez-González MÁ, De Irala-Estevez J. Seguimiento
Universidad de Navarra Group. Gender, age, socio-demographic and lifestyle factors associated with
major dietary patterns in the Spanish Project SUN. Eur J Clin Nutr. 2003; 57(2): 285–92. PMID:
12571661
30. De la Fuente-Arrillaga C, Ruiz ZV, Bes-Rastrollo M, Sampson L, Martínez-González MÁ. Reproducibil-
ity of an FFQ validated in Spain. Public Health Nutr. 2010; 13(9): 1364–72. doi: 10.1017/
S1368980009993065 PMID: 20105389
31. Fernández-Ballart JD, Piñol JL, Zazpe I, Corella D, Carrasco P, Toledo E, et al. Relative validity of a
semicuantitative food frequency questionnaire in an elderly Mediterranean population of Spain. Br J
Nutr. 2010; 103(12): 1808–16. doi: 10.1017/S0007114509993837 PMID: 20102675
32. Martín-Moreno JM, Boyle P, Gorgojo L, Maisonneuve P, Fernández-Rodriguez JC, Salvini S, et al.
Development and validation of a food-frequency questionnaire in Spain. Int J Epidemiol. 1993; 22(3):
512–9. PMID: 8359969
33. Moreiras O, Carbajal A, Cabrera L, Cuadrado C. Las tablas. In: Moreiras O, Carbajal A, Cabrera L, Cua-
drado C, editors. Tabla de composición de alimentos. 11th ed. Madrid, España: Pirámide;2007.p.37–
46.
34. van DamRM,Willet WC, Rimm EB, Stampfer MJ, Hu FB. Dietary fat and meat intake in relation to risk
of type 2 diabetes in men. Diabetes Care. 2002; 25(3): 417–24. PMID: 11874924
35. American Diabetes Association. Diagnosis and classification of diabetes mellitus. Diabetes Care.
2015; 38 (Suppl 1): S8–16.
36. Trichopoulou A, Costacou T, Bamia C, Trichopoulos D. Adherence to a Mediterranean diet and survival
in a Greek population. N Engl J Med. 2003; 348(26): 2599–608. PMID: 12826634
Meat Consumption and Type 2 Diabetes in the SUN Project
PLOS ONE | DOI:10.1371/journal.pone.0157990 July 20, 2016 13 / 15
37. Bes-Rastrollo M, Pérez JR, Sánchez-Villegas A, Alonso A, Martínez-González MA. Validation of the
self-reported weight and body mass index of the participants in a cohort of university graduates. Rev
Esp Obes. 2005; 3: 352–8.
38. Martínez-González MÁ, López-Fontana C, Varo JJ, Sánchez-Villegas A, Martínez JA. Validation of the
Spanish version of the physical activity questionnaire used in the Nurses’ Health Study and the Health
Profesionals’ Follow-up Study. Public Health Nutr. 2005; 8(7): 920–7. PMID: 16277809
39. The Inter Act Consortium. Association between dietary meat consumption and incident type 2 diabetes:
The EPIC-InterAct study. Diabetologia. 2013; 56(1): 47–59. doi: 10.1007/s00125-012-2718-7 PMID:
22983636
40. Villegas R, Shu XO, Gao YT, Yang G, Cai H, Li H, et al. The association of meat intake and the risk of
type 2 diabetes may be modified by body weight. Int J Med Sci. 2006; 3(4): 152–9. PMID: 17088942
41. Fung TT, Schulze M, Manson JE, Willet WC, Hu FB. Dietary patterns, meat intake and the risk of type 2
diabetes in women. Arch Intern Med. 2004; 164(20): 2235–40. PMID: 15534160
42. Lajous M, Tondeur L, Fagherazzi G, de Lauzon-Guillain B, Boutron-Ruaualt M, Clavel-Chapelon F.
Processed and unprocessed red meat consumption and incident type 2 diabetes among French
women. Diabetes Care. 2012; 35(1): 128–30. doi: 10.2337/dc11-1518 PMID: 22100967
43. Kurotani K, Nanri A, Goto A, Mizoue T, Noda M, Oba S, et al. Read meat consumption is associated
with the risk of type 2 diabetes in men but not in women: a Japan Public Healh Center-based Prospec-
tive Study. Br J Nutr. 2013; 110(10): 1910–8. doi: 10.1017/S0007114513001128 PMID: 23651531
44. Steinbrecher A, Erber E, Grandinetti A. Meat consumption and risk of type 2 diabetes: The Multietnic
Cohort. Public Health Nutr. 2011; 14(4): 568–74. doi: 10.1017/S1368980010002004 PMID: 20624337
45. Fretts AM, Follis JL, Nettleton JA, Lemaitre RN, Ngwa JS, Wojcznski MK, et al. Consumption of meat is
associated with higher fasting glucose and insulin concentrations regardless of glucose and insulin
genetic risk scores: a meta-analysis of 50,345 Caucasians. Am J Clin Nutr.2015; 102:1266–78. doi: 10.
3945/ajcn.114.101238 PMID: 26354543
46. Mozaffarian D, Hao T, Rimm EB, Willett WC, Hu FB. Changes in diet and lifestyle and long-term weight
gain in women and men. N Engl J Med. 2011 Jun 23; 364(25): 2392–404. doi: 10.1056/
NEJMoa1014296 PMID: 21696306
47. Dominguez LJ, Martínez-González MÁ, Basterra- Gortari FJ, Gea A, Barbagallo M, Bes-Rastrollo M.
Fast Food Consumption and Gestational Diabetes incidence in the SUN project. PLoS One. 2014; 9
(9):e106627. doi: 10.1371/journal.pone.0106627 PMID: 25215961
48. Kim Y, Keogh J, Clifton P. A review of potential metabolic etiologies of the observed association
between red meat consumption and development of type 2 diabetes mellitus. Metabolism. 2015; 64(7):
768–79. doi: 10.1016/j.metabol.2015.03.008 PMID: 25838035
49. Micha R, Michas G, Mozaffarian D. Unprocessed red and processed meat and risk of coronary artery
disease and type 2 diabetes an updated review of the evidence. Curr Atheroscler Rep. 2012; 14(6):
515–24 doi: 10.1007/s11883-012-0282-8 PMID: 23001745
50. Tong M, Neusner A, Longato L, Lawton M, Wands JR, de la Monte SM. Nitrosamine exposure causes
insulin resistance diseases: relevance to type 2 diabetes mellitus, non-alcoholic steato-hepatitis, and
Alzheimer’s disease. J Alzheimers Dis. 2009; 17(4): 827–44. PMID: 20387270
51. Feskens EJ, Virtanen SM, Räsänen L, Tuomilehto J, Stengard J, Pekkanen J, et al. Dietary factors
determining diabetes and impared glucose tolerance. A 20-year follow-up of the Finnish and Dutch
cohorts of the Seven Countries Study. Diabetes Care. 1995; 18(8): 1104–12. PMID: 7587845
52. Feskens EJ, Loeber JG, Kromhout D. Diet and physical activity as determinants of hyperinsulinemia:
the Zutphen Elderly Study. Am J Epidemiol. 1994; 140(4): 350–60. PMID: 8059770
53. Marshall JA, Hoag S, Shetterly S, Hamman RF. Dietary fat predicts conversion from impaired glucose
tolerance to NIDDM: the San Luis Valley diabetes study. Diabetes Care. 1994; 17(1): 50–6. PMID:
8112189
54. Hu G, Lindstrom J, Valle TT, Eriksson JG, Jousilahti P, Silventoinen K, et al. Physical activity, body
mass index, and risk of type 2 diabetes in patients with normal or impaired glucose regulation. Arch
Inter Med. 2004; 164:892–6.
55. Cavey VJ, Walters EE, Colditz GA, Solomon CG, Willet WC, Rosner BA, et al. Body fat distribution and
risk of non insulin-dependent diabetes mellitus in women. The Nurses´ Health Study. Am J Epidemiol
1997; 145:614–9. PMID: 9098178
56. Feskens EJ, Kromhout D. Habitual dietary intake and glucose tolerance in euglycaemic men: the Zut-
phen Study. Int J Epidemiol. 1990; 19(4): 953–9. PMID: 2084027
57. Hofmann SM, Dong HJ, Li Z, Cai W, Altomonte J, Thung SN, et al. Improve insulin sensitivity is associ-
ated with restricted intake of dietary glyoxidation products in the db/db mouse. Diabetes. 2002; 51(7):
2082–9. PMID: 12086936
Meat Consumption and Type 2 Diabetes in the SUN Project
PLOS ONE | DOI:10.1371/journal.pone.0157990 July 20, 2016 14 / 15
58. Peppa M, Goldberg T, Cai W, Rayfield E, Vlassara H. Glycotoxins: a missing link in the relationship of
dietary fat and meat intake in relation to risk of type 2 diabetes in men. Diabetes Care. 2002; 25
(10):1898–9. PMID: 12351512
59. Zhao Z, Li S, Liu G et al. Body iron stores and heme iron intake in relation to risk of type 2 diabetes: a
systematic review and meta-analysis. PLoS One. 2012: 7(7):e41641. doi: 10.1371/journal.pone.
0041641 PMID: 22848554
60. Fernandez-Cao JC, Arija V, Aranda N, Bullo M, Basora J, Martínez-González MÁ, et al. Heme iron
intake and risk of new-onset diabetes in a Mediterranean population at high risk of cardiovascular dis-
ease: an observational cohort analysis. BMC Public Health. 2013; 13: 1042. doi: 10.1186/1471-2458-
13-1042 PMID: 24188615
61. Swaminathan S, Fonseca VA, AlamMG, Shah SV. The role of iron in diabetes and its complications.
Diabetes Care. 2007; 30(7): 1926–33. PMID: 17429063
62. Alemany M. The problem of nitrogen disposal in the obese. Nutr Res Rev. 2012; 25(1): 18–28. doi: 10.
1017/S0954422411000163 PMID: 22309896
63. Sanchez-Villegas A, Martinez JA, De Irala J, Martínez-González MÁ. Determinants of the adherence to
an “a priori” defined Mediterranean dietary pattern. Eur J Nutr. 2002; 41(6):249–57. PMID: 12474068
Meat Consumption and Type 2 Diabetes in the SUN Project
PLOS ONE | DOI:10.1371/journal.pone.0157990 July 20, 2016 15 / 15
